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(54) Targeted delivery via biodegradable polymers 



(57) Delivery of bioactive molecules such as nucleic 
acid molecules encoding a protein can be significantly 
enhanced by immobilization of the bioactive molecule in 
a polymeric material adjacent to the cells where delivery 
is desired, where the bioactive molecule is encapsu- 
lated in a vehicle such as liposomes which facilitates 
transfer of the bioactive molecules into the targeted tis- 
sue. Targeting of the bioactive molecules can also be 
achieved by selection of an encapsulating medium of an 
appropriate size whereby the medium serves to deliver 
the molecules to a particular target. For example, 
encapsulation of nucleic acid molecules or biologically 
active proteins within biodegradable, biocompatible pol- 
ymeric microparticles which are appropriately sized to 
infiltrate, but remain trapped within, the capillary beds 
and alveoli of the lungs can be used for targeted deliv- 
ery to these regions of the body following administration 
to a patient by infusion or injection. 
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Description 

Background of the Invention 

[0001 ] This invention is generally in the area of drug 
delivery and gene therapy devices and more specifically 
in the area of delivery of drugs and gene transfer via 
polymeric microparticles, including liposomes in a poly- 
meric matrix. 

[0002] A variety of materials have been developed 
for delivery of drugs, nucleic acids, and biologies. Exam- 
ples include microspheres, microcapsules, and micro- 
particles formed of biodegradable or non-biodegradable 
polymers which release the incorporated material over 
time or following exposure to specific conditions. Target- 
ing of the materials, other than through direct adminis- 
tration at the targeted site, has been very difficult. Most 
are administered systemically if multiple release sites 
are required. 

[0003] More recently, polymeric gels or films have 
been utilized for drug delivery and gene therapy, espe- 
cially of small oligonucleotides such as antisense. Lipo- 
somes have also been utilized for delivery of genetic 
material, with varying degrees of success, primarily due 
to the inherent instability and short half -lives of the lipo- 
somes. 

[0004] Gene therapy is typically used to refer to 
delivery of nucleic acid molecules which control expres- 
sion of a particular endogenous gene, or to delivery and 
expression of an exogenous gene, which functions in 
addition to, or in place of, a defective or missing endog- 
enous gene. 

[0005] Three methodologies have been developed 
as the principal mechanisms for gene therapy: delivery 
via cationic lipids, for example, in the form of liposomes 
or vesicles, molecular conjugates and recombinant viral 
vectors. These methods were recently reviewed by Mor- 
gan, Ann. Rev. Biochem.. 62:191 (1993), Mulligan, Sci- 
ence 260:926 (1993), and Tolstoshev, Ann. Rev. Pharm. 
T^ciCQl., 32:573 (1993). 

[0006] Although the three major groups of gene 
transduction methodology are relatively efficient the 
percentage of targeted cells that can be transduced in 
vivo remains relatively low. To treat conditions requiring 
a higher percentage of gene transduction, new technol- 
ogies for increasing the percentage of transduced cells 
would be very useful. 

[0007] Furthermore, it is very difficult to target cells 
for delivery of genes, other than through local adminis- 
tration or through selection of viral vectors which infect 
only certain types of ceils, such as replicating cells. 
Local delivery has advantages in that the effective local 
concentration is much higher than can normally be 
achieved by systemic administration, while the systemic 
concentration remains very low, thereby avoiding seri- 
ous side effects. There are few methods available, how- 
ever, which allow one to target scattered areas 
throughout the body, to achieve local release without 



systemic involvement. 

[0008] The ability to express recombinant genes in 
the Wood vessel wall has raised prospects for gene 
therapy of vascular disease. Two general approaches to 

s introducing genes into the vessel wall have been stud- 
ied. In one approach, referred to as direct gene transfer, 
target cells are first isolated and gene transfer is accom- 
plished in vitro: cells that express the recombinant gene 
product are then selected and transplanted into the host 

10 vessel wall. In the second approach, genes are deliv- 
ered "in situ" to cells within the vessel wall; this direct, in 
vivo approach to delivery of genes is attractive as a 
therapeutic modality since it mitigates the need to 
remove vascular cells from the patient. Since direct 

15 gene transfer precludes the opportunity to select for 
positive transfectants, however, it is essential that an 
adequate amount of DNA be introduced and expressed 
by the target tissue. Vascular smooth muscle cells may 
be suitable targets for the direct gene transfer approach 

20 because of their proximity to the lumen surface and 
abundance in the vessel wall. Furthermore, abnormal 
accumulation of smooth muscle cells is a feature of 
atherosclerosis and of certain accelerated forms of vas- 
cular disease, such as restenosis following balloon 

25 angioplasty. 

[0009] One potential means of transfecting smooth 
muscle cells within the vessel wall is through the use of 
cationic liposomes. Liposome-mediated gene transfer is 
a convenient method of transferring recombinant DNA 

so into cells and has been used to directly transfect the 
arterial wall of live animals. The efficiency of successful 
gene transfer using cationic liposomes, however, is var- 
iable and highly dependent on the cell type. Most in vitro 
experience to date has been with continuous/immortal 

35 animal cells lines. The results studied using these types 
of cells, however, have uncertain implications for the 
likelihood success of direct arterial gene transfer in 
patients. 

[0010] Local delivery of growth factors has been 
40 attempted in several ways. Takeshita, et al., J. Clin. 
Invest.. 93:662-670, (1994), delivered a bolus of a trans- 
forming vector for the growth factor VEGF to rabbits. 
Unfortunately, delivery was not limited to a local area. 
U.S. Patent No. 5,238,470 Nabel et a! discloses admin- 
45 istering transforming vectors to arteries via a double- 
balloon catheter. A major limitation to this method is that 
the genetic material is administered all at once, result- 
ing in inefficient transduction. A further limitation is that 
Nabel requires a substantial instillation time, approxi- 
50 mately 30 minutes, resulting in prolonged arterial block- 
age. 

[0011] There is therefore a need for an improved, 
specific delivery means for nucleic acid molecules and 
other drugs, or bioactive molecules. 
55 [001 2] It is therefore an object of the present inven- 
tion to provide a method and means for targeted deliv- 
ery of bioactive molecules, especially nucleic acid 
molecules, to tissues or cells in a patient. 
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[001 3] It is a further object of the present invention 
to provide a delivery means that protects the bioactive 
molecules from proteases and nucleases. 
[0014] It is still a further object of the present inven- 
tion to provide a means for locally administering bioac- 
tive molecules to tissues or cells in a patient in a 
controlled, sustained manner. 

Summary of the Invention 

[0015] Delivery of bioactive molecules such as 
nucleic acid molecules encoding a protein can be signif- 
icantly enhanced by immobilization of the bioactive mol- 
ecule in a polymeric material adjacent to the cells where 
delivery is desired, where the bioactive molecule is 
encapsulated in a vehicle such as liposomes which 
facilitates transfer of the bioactive molecules into the 
targeted tissue. Targeting of the bioactive molecules 
can also be achieved by selection of an encapsulating 
medium of an appropriate size whereby the medium 
serves to deliver the molecules to a particular target. 
For example, encapsulation of nucleic acid molecules or 
biologically active proteins within biodegradable, bio- 
compatible polymeric microparticles which are appro- 
priate sized to infiltrate, but remain trapped within, the 
capillary beds and alveoli of the lungs can be used for 
targeted delivery to these regions of the body following 
administration to a patient by infusion or injection. 
[001 6] Examples demonstrate delivery of DNA via a 
polymeric gel and encapsulated within liposomes which 
are immobilized in polymeric gel. Immobilization of the 
DNA in the gel increases delivery approximately 300%; 
immobilization of the DNA in a penetration enhancer, 
such as liposomes, which are then immobilized in the 
polymeric gel increases the delivery approximately 600 
to 700%. This is measured based on lucrferase expres- 
sion and detection of Turner Light units. 

Detailed Description of the Invention 

[0017] Targeted, enhanced delivery of biologically 
active molecules is enhanced by the use of polymeric 
carriers for targeting of the molecules to specific areas. 
In one embodiment, the polymeric carrier is a hydrogel 
which serves to immobilize the bioactive molecules at 
the site of release. In another embodiment, the poly- 
meric carrier is in the form of microparticles that are tar- 
geted by size and degradation and release properties to 
particular regions of the body, especially the alveoli and 
capillaries. 

Polymeric Carriers 

Selection of polymeric Material 

[0018] Polymeric carriers must be biodegradable, 
sufficiently porous to permit efflux of the biologically 
active molecules, and sufficiently non-inflammatory and 



biocompatible so that inflammatory responses do not 
prevent the delivery of the biologically active molecules 
to the tissue. It is advantageous rf the carrier also pro- 
vides at least partial protection of the biologically active 
5 molecules from adverse effects of proteases and nucle- 
ases. In addition, it is advantageous if controlled, sus- 
tained delivery can be obtained using the polymeric 
carriers. 

[0019] Many polymers can be utilized to form the 
to carrier, which can be a hydrogel, organogel, film, or 
microparticle. Microparticles include microspheres, 
microcapsules, and. as used herein, liposomes, which 
can be further encapsulated within a polymeric matrix. 
The polymeric matrix serves to immobilize the micro- 
15 particles at a particular site, enhancing targeted deliv- 
ery of the encapsulated biologically active molecules. 
[0020] Suitable polymers that can be used include 
soluble and insoluble, biodegradable and nonbiode- 
gradable polymers. These can be hydrogels or thermo- 
20 plastics, homopolymers, copolymers or blends, natural 
or synthetic. 

[0021] Rapidly bioerodible polymers such as poly 
[lactide-co-glycolide], polyanhydrides, and polyorthoe- 
sters, whose carboxylic groups are exposed on the 

25 external surface as their smooth surface erodes, are 
excellent candidates for drug delivery systems. In addi- 
tion, polymers containing labile bonds, such as polyan- 
hydrides and polyesters, are well known for their 
hydrolytic reactivity. Their hydrolytic degradation rates 

30 can generally be altered by simple changes in the poly- 
mer backbone. 

[0022] Representative natural polymers include 
proteins, such as zein, modified zein, casein, gelatin, 
gluten, serum albumin, or collagen, and polysaccha- 

35 rides, such as cellulose, dextrans, polyhyaluronic acid, 
polymers of acrylic and methacrylic esters and alginic 
acid. Representative synthetic polymers include 
polyphosphazines, polyvinyl alcohols), polyamides, 
polycarbonates, polyalkylenes, polyacrylamides, poly- 

40 alkylene glycols, polyalkylene oxides, polyalkylene 
terephthalates, polyvinyl ethers, polyvinyl esters, polyvi- 
nyl halides, polyvinylpyrrolidone, polyglycolides, polysi- 
loxanes. polyurethanes and copolymers thereof. 
Synthetically modified natural polymers include alkyl 

45 celluloses, hydroxyalkyl celluloses, cellulose ethers, cel- 
lulose esters, and nitrocelluloses. Other polymers of 
interest include, but are not limited to, methyl cellulose, 
ethyl cellulose, hydroxypropyl cellulose, hydroxypropyl 
methyl cellulose, hydroxybutyl methyl cellulose, cellu- 

50 lose acetate, cellulose propionate, cellulose acetate 
butyrate, cellulose acetate phthalate, carboxymethyl 
cellulose, cellulose triacetate, cellulose sulfate sodium 
salt, poly(methyl methacrylate), poly(ethyl methacr- 
ylate), polyflxityl methacrylate), poly(isobutyl methacr- 

55 ylate), poly(hexyl methacrylate), poly(isodecyl 
methacrylate), poly(lauryl methacrylate), poly(phenyl 
methacrylate), poly(methyl acrylate), poly(isopropyl acr- 
ylate), poly(isobutyl acrylate), poly(octadecyl acrylate) 
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polyethylene, polypropylene, poly(ethylene glycol), 
poly(ethylene oxide), poly (ethylene terephthalate), 
polyvinyl acetate), polyvinyl chloride, polystyrene, poly- 
vinyl pyrrolidone, and polyvinylphenol. Representative 
bioerodible polymers include polylactides, polyglycol- 
ides and copolymers thereof, poly(ethylene terephtha- 
late), poly(butic acid), poly (valeric acid), poly(lactide-co- 
caprolactone), polypactide-co-glycolide], polyan hy- 
drides, polyorthoesters, blends and copolymers thereof. 
[0023] These polymers can be obtained from 
sources such as Sigma Chemical Co., St. Louis, MO., 
Polysciences, Warrenton, PA, Aldrich, Milwaukee, Wl, 
Fluka, Ronkonkoma, NY, and BioRad, Richmond, CA. 
or else synthesized from monomers obtained from 
these suppliers using standard techniques. 
[0024] Suitable polymer compositions preferably 
have intrinsic and controllable biodegradability, so that 
they persist for about a week to about six months; are 
non-toxic, containing no signif icant toxic monomers and 
degrading into non-toxic components; are biocompati- 
ble; are chemically compatible with the substances to 
be delivered, and tend not to denature the active sub- 
stance; are sufficiently porous to allow the incorporation 
of biologically active molecules and their subsequent 
liberation from the polymer by diffusion, erosion or a 
combination thereof; are able to remain at the site of 
application by adherence or by geometric factors, such 
as by being formed in place or softened and subse- 
quently molded or formed into microparticles which are 
trapped at a desired location; are capable of being deliv- 
ered by techniques of minimum invasivity, such as by 
catheter, laparoscope or endoscope. Types of mono- 
mers, macromers, and polymers that can be used are 
described in more detail below. 

Hydrogels 

[0025] Hydrogels are preferred embodiments for 
application to a tissue for direct delivery since they 
intrinsically have most of these desirable properties. 
Particularly preferred are gels which are composed pre- 
dominantly of polyethylene glycol. These can be applied 
by direct photopolymerization with an initiator, by chem- 
ical polymerization with a peroxygen, or by "interiaciaT 
photopolymerization, with a dye adsorbed to the tissue 
to be coated, as described below. 
[0026] Examples of these macromers are PEG-oli- 
golactyl-acrylates, as described by Hill-West, et al., 
Proc. Natl. Acad. Sci. USA 91:5967-5971, 1994; Obst. 
& Gynecol. 83:59-64, 1994. The choice of appropriate 
end caps permits rapid photopolymerization and gela- 
tion; acrylates can be polymerized using several initiat- 
ing systems, e.g., an eosin dye, by brief exposure to 
ultraviolet or visible light. Poly(ethyleneglycol) or a PEG 
central structural unit (core) is useful on the basis of its 
high hydrophilicrry and water solubility, accompanied by 
excellent biocompatibility. A short poly(a-hydroxy acid), 
such as polygiycolic acid, is a preferred chain extension 



because it rapidly degrades by hydrolysis of the ester 
linkage into glycolic acid, a harmless metabolite. 
Although highly crystalline polygiycolic acid is insoluble 
in water and most common organic solvents, the entire 

5 macromer is water-soluble and can be rapidly gelled 
into a biodegradable network while in contact with aque- 
ous tissue fluids. Such networks can be used to entrap 
and homogeneously disperse water-soluble drugs and 
enzymes and to deliver them at a controlled rate. Other 

w preferred chain extensions are polylactic acid, polyc- 
aprolactone, polyorthoesters, and polyanhydrides. 
Polypeptides may also be used. 
[0027] These materials are particularly useful for 
controlled delivery, especially of hydrophilic materials, 

is since the water soluble regions of the polymer enable 
access of water to the materials entrapped within the 
polymer. Moreover, it is possible to polymerize the mac- 
romer containing the material to be entrapped without 
exposing the material to organic solvents. Release may 

20 occur by diffusion of the material from the polymer prior 
to degradation and/or by diffusion of the material from 
the polymer as it degrades, depending upon the charac- 
teristic pore sizes within the polymer, which is controlled 
by the molecular weight between crosslinks and the 

25 crosslink density. Deactivation of the entrapped material 
is reduced due to the immobilizing and protective effect 
of the gel and catastrophic burst effects associated with 
other controlled-release systems are avoided. When the 
entrapped material is an enzyme, the enzyme can be 

30 exposed to substrate while the enzyme is entrapped, 
provided the gel proportions are chosen to allow the 
substrate to permeate the gel. Degradation of the poly- 
mer facilitates eventual controlled release of free mac- 
romolecules in vivo by gradual hydrolysis of the terminal 

35 ester linkages. 

[0028] An advantage of these macromers are that 
they can be polymerized rapidly in an aqueous sur- 
rounding. Precisely conforming, semi-permeable, bio- 
degradable films or membranes can thus be formed on 

40 tissue in situ to serve as biodegradable barriers, as car- 
riers for living cells or other biologically active materials, 
and as surgical adhesives. In a particularly preferred 
embodiment, the macromers are applied to tissue hav- 
ing a photoinitiator bound thereto, and polymerized to 

45 form an ultrathin coating. This is especially useful in 
forming coatings on the inside of tissue lumens such as 
blood vessels where there is a concern regarding reste- 
nosis, and in forming tissue barriers during surgery 
which thereby prevent adhesions from forming. 

so [0029] In general terms, the macromers are poly- 
mers that are soluble in aqueous solutions, or nearly 
aqueous solutions, such as water with added dimethyl- 
sulfoxide. They have three components including a bio- 
degradable region, preferably hydrolyzable under in 

55 vivo conditions, a water soluble region, and at least two 
photopolymerizable regions. The term "at least sub- 
stantially water soluble" is indicative that the solubility 
should be at least about 5 g/100 ml of aqueous solution. 
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The term B polymerizable ,, means that the regions have 
the capacity to form additional covalent bonds resulting 
in macromer interlinking, for example, carbon-carbon 
double bonds of acrylate-type molecules. Such polym- 
erization is characteristically initiated by free-radical for- 
mation resulting from photon absorption of certain dyes 
and chemical compounds to ultimately produce free- 
radicals. 

[0030] In a preferred embodiment, a hydrogel is 
formed from a biodegradable, polymerizable, macromer 
including a core, an extension on each end of the core, 
and an end cap on each extension. The core is a 
hydrophilic polymer or oligomer; each extension is a 
biodegradable oligomer; and each end cap is an oli- 
gomer, dimer or monomer capable of cross-linking the 
macromers. In a particularly preferred embodiment, the 
core includes hydrophilic poly(ethylene glycol) oligom- 
ers of molecular weight between about 400 and 30,000 
Da; each extension includes biodegradable poly (a- 
hydroxy acid) oligomers of molecular weight between 
about 200 and 1200 Da; and each end cap includes an 
acrylate-type monomer or oligomer (i.e., containing car- 
bon-carbon double bonds) of molecular weight between 
about 50 and 200 Da which are capable of cross-linking 
and polymerization between copolymers. More specifi- 
cally, a preferred embodiment incorporates a core con- 
sisting of poly(ethy1ene glycol) oligomers of molecular 
weight about 10,000 Da; extensions consisting of 
poly(glycolic acid) oligomers of molecular weight about 
250 Da; and end caps consisting acrylate moieties of 
about 100 Da molecular weight. 
[0031 ] Examples of suitable materials for use as the 
core water soluble region are poly(ethylene glycol), 
poly(ethylene oxide), poly(vinyl alcohol), polyvinylpyr- 
rolidone), poly(ethyioxazoline), poly( ethylene oxide)-co- 
poly(propyleneoxide) block copolymers, polysaccha- 
rides or carbohydrates such as hyaluronic acid, dextran, 
heparin sulfate, chondroitin sulfate, heparin, or alginate, 
or proteins such as gelatin, collagen, albumin, or oval- 
bumin. 

[0032] Biodegradable regions can be constructed 
from polymers or monomers using linkages susceptible 
to biodegradation, such as ester, peptide, anhydride, 
orthoester, and phosphoester bonds. 
[0033] Examples of biodegradable components 
which are hydrolyzable are polymers and oligomers of 
glycolide, lactide, e-caprolactone, other a-hydroxy 
acids, and other biologically degradaWe polymers that 
yield materials that are non-toxic or present as normal 
metabolites in the body. Preferred poly(a-hydroxy acid)s 
are poly(glycolic acid), poly(DL-lactic acid) and poly(L- 
tactic acid). Other useful materials include poly(amino 
acids), poly(anhydrides). poly(orthoesters), and 
poly(phosphoesters). Polylactones such as poly(e- 
caprolactone), poly(e-caprolactone), poly(8-valerolac- 
tone) and poly(gamma-butyrolactone). for example, are 
also useful. 

[0034] The polymerizable regions are preferably 



polymerized using free radicals generated by a photoin- 
itiator. The photoinitiator preferably uses the visible or 
long wavelength ultraviolet radiation. Preferred polymer- 
izable regions are acrylates, diacrylates, oligoacrylates, 

5 dimethacrylates, oligomethoacrylates, or other biologi- 
cally acceptable photopolymerizable groups. A pre- 
ferred tertiary amine is triethanol amine. 
[0035] Useful photoinitiators are those which initiate 
free radical polymerization of the macromers without 

w cytotoxicity and within a short time frame, minutes at 
most and preferably seconds. Preferred initiators for ini- 
tiation using long wavelength ultraviolet photoradiation 
are ethyl eosin, 2, 2-dimethoxy-2 -phenyl acetophenone, 
other acetophenone derivatives, and camphorquinone. 

15 In all cases, crosslinking and polymerization are initi- 
ated among copolymers by a light-activated free-radical 
polymerization initiator such as 2,2-dimethoxy-2-pheny- 
lacetophenone or a combination of ethyl eosin (10" 4 -10* 
2 mM) and triethanol amine (0.001 to 0.1 M), for exam- 

20 pie. 

[0036] In another embodiment, the process is car- 
ried out by providing a material that is conformable, at 
least temporarily, at body temperature, yet which may 
be rendered non -conformable upon completion of the 
25 deposition process, such as a poloxamer™ (a polyethyl- 
ene oxide-polyethylene glycol block copolymer). 
Poloxamer™ can be selected which are liquid at room 
temperature and solid at body temperature. 

30 Pavings or Films 

[0037] In other embodiments, such as that 
described in U.S. Patent No. 5.231,580 to Slepian, pol- 
ymeric pavings or films are applied to the tissue using a 

35 catheter, endoscope or laparoscope. Preferred poly- 
mers include polyhydroxy acids such as polylactic acid, 
polyglycolic acid and copolymers thereof, polycaprolac- 
tone, pdyanhydrides, polyorthoesters, and other mate- 
rials commonly used for implantation or sutures. 

40 [0038] The basic requirements for the material to be 
used in the process are biocompatibil'rty and the capac- 
ity to be chemically or physically reconfigured under 
conditions which can be achieved in vivo. Such recon- 
figuration conditions preferably involve photopolymeri- 

45 zation, but can involve heating, cooling, mechanical 
deformation, (such as stretching), or chemical reactions 
such as polymerization or crosslinking. 
[0039] In their conformable state, the coating mate- 
rials may exhibit a wide variety of forms. They can be 

so present as polymers, monomers, macromers or combi- 
nations thereof, maintained as solutions, suspensions, 
or dispersions. 

Microparticles 

55 

[0040] In a preferred embodiment, the microparticle 
has a diameter which is selected to lodge in particular 
regions of the body. Use of microspheres that lodge 
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within organs or regions is known in studies of blood 
flow (Flaim et al, J Pharmacol. Meth. 11:1-39, 1984; 
Heymann etal, Prog. Cardiovasc. Dis. 20:55-79, 1977), 
but not in delivery of active materials. For example, a 
microparticle selected to lodge in a capillary will typi- 
cally have a diameter of between 10 to 25, most prefer- 
ably 15 to 20 microns. Numerous methods are known 
for preparing microparticles of any particular size range. 
In the various applications of the present invention, the 
sizes may range from 0.2 micron up to 100 microns. 
Synthetic methods for gel microparticles. or for micro- 
particles from molten materials, are known, and include 
polymerization in emulsion, in sprayed drops, and in 
separated phases. For solid materials or preformed 
gels, known methods include wet or dry milling or grind- 
ing, pulverization, classification by air jet or sieve, and 
the like. 

[0041] Microparticles can be fabricated from differ- 
ent polymers using a variety of different methods known 
to those skilled in the art. Exemplary methods include 
those set forth below. 

[0042] Polylactic acid blank microparticles were 
fabricated using three methods: solvent evaporation, as 
described by E. Mathiowitz, et al., J. Scanning Micros- 
copy. 4, 329 (1990); LR. Beck, et al., Fertil. Steril. . 31, 
545 (1979); and S. Benita, et al., J. Pharm. ScL 73, 
1721 (1984); hot-melt microencapsulation, as 
described by E. Mathiowitz, et al., Reactive Polymers, 6, 
275 (1987); and spray drying. Polyanhydrides made of 
bis-carboxyphenoxypropane and sebacic acid with 
molar ratio of 20:80 P(CPP-SA) (20:80) (Mw 20,000) 
were prepared by hot-melt microencapsulation. 
Poly(fumaric-co-sebacic) (20:80) (Mw 15,000) blank 
microparticles were prepared by hot-melt microencap- 
sulation. Polystyrene microparticles were prepared by 
solvent evaporation. 

[0043] Hydroget microparticles were prepared by 
dripping a polymer solution from a reservoir though 
microdroplet forming device into a stirred ionic bath. 
The specific conditions for alginate, chitosan, algi- 
nate/polyethylenimide (PEI) and carboxymethyl cellu- 
lose (CMC) are listed in Table 1. 
[0044] a. Solvent Evaporation . In this method the 
polymer is dissolved in a volatile organic solvent, such 
as methylene chloride. The drug (either soluble or dis- 
persed as fine particles) is added to the solution, and 
the mixture is suspended in an aqueous solution that 
contains a surface active agent such as poly(vinyl alco- 
hol). The resulting emulsion is stirred until most of the 
organic solvent evaporated, leaving solid microparti- 
cles. Several different polymer concentrations were 
used: 0.05-0.20 g/ml. The solution is loaded with a drug 
and suspended in 200 ml of vigorously stirred distilled 
water containing 1% (w/v) polyvinyl alcohol) (Sigma). 
After 4 hours of stirring, the organic solvent evaporates 
from the polymer, and the resulting microparticles are 
washed with water and dried overnight in a lyophilizer. 
Microparticles with different sizes (1-1000 microns) and 



morphologies can be obtained by this method. This 
method is useful for relatively stable polymers like poly- 
esters and polystyrene. 

[0045] However, labile polymers, such as polyanhy- 

5 drides, may degrade during the fabrication process due 
to the presence of water. For these polymers, the follow- 
ing two methods, which are performed in completely 
anhydrous organic solvents, are more useful. 
[0046] b. Hot Melt Microencapsulation . In this 

10 method, the polymer is first melted and then mixed with 
the solid particles of dye or drug that have been sieved 
to less than 50 microns. The mixture is suspended in a 
non-miscible solvent (like silicon oil), and, with continu- 
ous stirring, heated to 5°C above the melting point of the 

15 polymer. Once the emulsion is stabilized, it is cooled 
until the polymer particles solidify. The resulting micro- 
particles are washed by decantation with petroleum 
ether to give a free-flowing powder. Microparticles with 
sizes between one to 1000 microns are obtained with 

20 this method. The external surfaces of spheres prepared 
with this technique are usually smooth and dense. This 
procedure is used to prepare microparticles made of 
polyesters and polyanhydrides. However, this method is. 
limited to polymers with molecular weights between 

25 1000-50,000. 

[0047] c. Solvent Removal . This technique is prima- 
rily designed for polyanhydrides. In this method, the 
drug is dispersed or dissolved in a solution of the 
selected polymer in a volatile organic solvent like meth- 

30 ylene chloride. This mixture is suspended by stirring in 
an organic oil (such as silicon oil) to form an emulsion. 
Unlike solvent evaporation, this method can be used to 
make microparticles from polymers with high melting 
points and different molecular weights. Microparticles 

35 that range between 1-300 microns can be obtained by 
this procedure. The external morphology of spheres 
produced with this technique is highly dependent on the 
type of polymer used. 

[0048] d. Sorav-Dryinq In this method, the polymer 
40 is dissolved in methylene chloride (0.04 g/mL). A known 
amount of the active drug is suspended (insoluble 
drugs) or co-dissolved (soluble drugs) in the polymer 
solution. The solution or the dispersion is then spray- 
dried. Typical process parameters for a mini-spray drier 
45 (Buchi) are as follows: polymer concentration = 0.04 
g/mL, inlet temperature = -24°C, outlet temperature = 
13-15 °C aspirator setting ■ 15, pump setting = 10 
mlVminute, spray flow = 600 Nl/hr, and nozzle diameter 
= 0.5 mm. Microparticles ranging between 1-10 microns 
so are obtained with a morphology which depends on the 
type of polymer used. This method is primarily used for 
preparing microparticles designed to improve imaging 
of the intestinal tract since for this application, particle 
size should not exceed 10 u.. 

55 

e. Hydrogel Microparticles . Microparticles made of gel- 
type polymers, such as alginate, are produced through 
traditional ionic gelation techniques. The polymers are 
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first dissolved in an aqueous solution, mixed with bar- 
ium sulfate or some bioactive agent, and then extruded 
through a microdroplet forming device, which in some 
instances employs a flow of nitrogen gas to break off the 
droplet. A slowly stirred (approximately 100-170 RPM) 
ionic hardening bath is positioned below the extruding 
device to catch the forming microdroplets. The micro- 
particles are left to incubate in the bath for twenty to 
thirty minutes in order to allow sufficient time for gelation 
to occur. Microparticle particle size is controlled by 
using various size extruders or varying either the nitro- 
gen gas or polymer solution flow rates. 

[0049] The matrix is preferably in the form of a 
microparticle such as a microsphere (where the biolog- 
ically active molecules are dispersed throughout a solid 
polymeric matrix) or microcapsule (where the biologi- 
cally active molecules are encapsulated in the core of a 
polymeric shell). The size and composition of the poly- 
meric device is selected to result in favorable release 
. kinetics in tissue. The size is also selected according to 
the method of delivery which is to be used, typically 
injection into a tissue or administration of a suspension 
by aerosol into the nasal and/or pulmonary areas, and 
where appropriate, entrapment at the site where 
release is desired. The matrix composition can be 
selected to not only have favorable degradation rates, 
but to be formed of a material which is bioadhesive, to 
further increase the effectiveness of transfer when 
administered to a mucosal surface, or selected not to 
degrade initially but to release by diffusion over an 
extended period. 

[0050] Liposomes are available commercially from 
a variety of suppliers. Alternatively, liposomes can be 
prepared according to methods known to those skilled 
in the art, for example, as described in U.S. Patent No. 
4,522,81 1 (which is incorporated herein by reference in 
its entirety). For example, liposome formulations may be 
prepared by dissolving appropriate lipid(s) (such as 
stearoyl phosphatidyl ethanolamine, stearoyl phosphati- 
dyl choline, arachadoyl phosphatidyl choline, and cho- 
lesterol) in an inorganic solvent that is then evaporated, 
leaving behind a thin film of dried lipid on the surface of 
the container. An aqueous solution of the active com- 
pound or its monophosphate, diphosphate, and/or tri- 
phosphate derivatives are then introduced into the 
container. The container is then swirled by hand to free 
lipid material from the sides of the container and to dis- 
perse lipid aggregates, thereby forming the liposomal 
suspension. 

Biologically Active Molecules 

[0051] Biologically active molecules which can be 
incorporated into the polymeric carrier, directly and/or 
indirectly, i.e., within microparticles which are immobi- 
lized in the carrier, include proteins, nucleic acid mole- 
cules, carbohydrates, lipids, and combinations thereof. 



Examples of proteins include cytokines such as interfer- 
ons and interleukins, poetins, and colony-stimulating 
factors, growth factors, angiogenic factors and frag- 
ments thereof. Examples of nucleic acid molecules 
5 include genes and cDNAs encoding proteins, expres- 
sion vectors, arrtisense and other oligonucleotides such 
as ribozymes which can be used to regulate or prevent 
gene expression. Carbohydrates include Sialyl Lewis x 
which has been shown to bind to receptors for selectins 
w to inhibit inflammation. Growth factors in the broad 
sense are preferred biologically active molecules. A 
"deliverable growth factor equivalent" (abbreviated 
DGFE) is a growth factor for a cell or tissue, broadly 
construed, including growth factors, cytokines, interfer- 
es ons, interleukins, proteins, colony-stimulating factors, 
gibberellins, auxins, and vitamins; further including pep- 
tide fragments or other active fragments of the above; 
and further including vectors, i.e., nucleic acid con- 
structs capable of synthesizing such factors in the target 
20 cells, whether by transformation or transient expression; 
and further including effectors which stimulate or 
depress the synthesis of such factors in the tissue, 
including natural signal molecules, antisense and triplex 
nucleic acids, and the like. Particularly preferred 
25 DGFE's are vascular endothelial growth factor (VEGF), 
endothelial cell growth factor (ECGF), basic ftoroblast 
growth factor (bFGF), bone morphogenetic protein 
(BMP), and platelet derived growth factor (PDGF), and 
DNA's encoding for them. Preferred clot dissolving 
30 agents are tissue plasminogen activator, streptokinase, 
urokinase and heparin. 

Incorporation of Biologically Active Molecules into 
the Polymeric Carriers 

35 

[0052] Generally, the biologically active molecules 
are mixed with the polymer at the time the material is 
either polymerized or when the polymer is formed into a 
microparticle or liposome, in a concentration which will 

40 release an effective amount at the targeted site in a 
patient. For example, in the case of a hydrogel, the mac- 
romer, photoinrtiator, and biologically active molecules 
to be encapsulated are mixed in an aqueous mixture. 
Particles of the mixture are formed using standard tech- 

45 niques, for example, by mixing in oil to form an emul- 
sion, forming droplets in oil using a nozzle, or forming 
droplets in air using a nozzle. The suspension or drop- 
lets are irradiated with a light suitable for photopolymer- 
ization of the macromer. 

so [0053] The biologically active molecules to be deliv- 
ered can be mixed with the polymeric material in any of 
a variety of ratios, depending on the dosage of active 
molecule desired. The polymer in the gel will typically be 
at a volume concentration of 5 to 25% (wt/volume), or 

55 50 to 250 mg/ml. Biological actives will be present at 
concentrations at or below 1 to 10 microgram/ml for 
DNA and the like, and may range up to 10 to 50 mg/ml 
for active proteins and the like. The exact concentration 
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will depend on the particular active molecule, and on the 
effect to be achieved. 

[0054J Characterization studies can be performed 
at different loadings to investigate encapsulation prop- 
erties and morphological characteristics of the micro- 
particles. Particle size can be measured by quasi- 
elastic light scattering (QELS). Drug loading can be 
measured by dissolving lyophilized microparticles into 
an appropriate solvent and assaying the amount of bio- 
logically active molecules spectrophotometrically or by 
other appropriate means. 

Administration of the Polymeric Carrier 

[0055] The polymeric carrier can be administered 
directly, for example, by spraying or application of a 
solution, or indirectly, through a catheter, endoscope, or 
laparoscope. When delivered to the interior of a hollow 
organ, the process of application must not cause collat- 
eral injury by prolonged blockage of flow through the 
organ. 

[0056] Preferred delivery methods are those which 
are minimally invasive or disruptive to the subject. 
These include administration of microparticles as well 
as percutaneous application to the interior of hollow 
organs or natural body cavities of a polymeric coating, 
film, gel, or stent. Suitable delivery devices for providing 
a polymer coating or layer on the surface of tissues are 
catheters, laparoscopes, and endoscopes, as defined in 
PCT/US94/94824 by Pathak et al. 

Application of a Hvdrooel 

[0057] Photopolymerization of a hydrogel using the 
macromers described above can be carried out in as lit- 
tle as 10 seconds, using a portable, low powered long 
wave UV (LWUV) emitting source. Visible laser light is 
also useful for polymerization. Low intensity and short 
exposure times make visible laser light virtually harm- 
less to living cells since the radiation is not strongly 
absorbed in the absence of the proper chromophore. 
Laser light can also be transported using fiber optics 
and can be focused to a very small area. For example, 
0.2 ml of a 30% w/v photosensitive oligomer solution is 
mixed with ethyl eosin (10 4 M) and triethanol amine 
(0.01 to 0.1 M) and the solution is irradiated with an 
argon ion laser (American argon ion laser model 905 
emitting at 514 nm) at a power of 0.2-0.5 W/cm 2 . The 
beam is expanded to a diameter of 3 mm and the sam- 
ple is slowly scanned until gelation occurs. 
[0058] In a particularly preferred application of 
these materials, an ultrathin coating is applied to the 
surface of a tissue, most preferably the lumen of a tissue 
such as a blood vessel. The photoinitiator is applied to 
the surface of the tissue, allowed to react and bond to 
tissue, the unbound photoinitiator is removed by dilution 
or rinsing, and the macromer solution is applied and 
polymerized. This method is capable of creating uniform 



polymeric coating of between 10 and 500 microns in 
thickness, more typically 50 to 200 microns, which does 
not evoke thrombosis or localized inflammation. 

5 Application of a Paving or Coating 

[0059] Local administration of a polymeric material 
can be performed by loading the composition in a bal- 
loon catheter, and then applying the composition 

w directly to the inside of a tissue lumen within a zone 
occluded by the catheter balloons. The tissue surface 
may be an internal or external surface, and can include 
the interior of a tissue lumen or hollow space whether 
naturally occurring or occurring as a result of surgery, 

is percutaneous techniques, trauma or disease. The poly- 
meric material can then be reconfigured to form a coat- 
ing or "paving" layer in intimate and conforming contact 
with the surface. The resulting paving layer optionally 
can have a sealing function. As used herein, the term 

20 "sealing" or "seal" means a coating of sufficiently low 
porosity that the coating provides a barrier function. The 
term "paving" refers to coatings in general wherein the 
coatings are porous or perforated or are of a low poros- 
ity "sealing" variety. The coating preferably has a thick- 

25 ness on the tissue surface on the order of 0.001-1.0 
mm, however, coatings having a thickness outside that 
range may be used as well. By appropriate selection of 
the material employed and of the configuration of the 
paving material, the process can be tailored to satisfy a 

30 wide variety of biological or clinical situations. 

[0060] The monomers, macromers and polymers 
that can be used for this application are selected from 
the same group as described above for formation of 
microparticles. Preferably, the polymeric material has a 

35 variable degree of conformability in response to a stim- 
ulus. The material is preferably substantially non-con- 
formable in vivo upon completion of the coating 
process. The material, in its conformable form, can be 
positioned in contact with a tissue or cellular surface to 

40 be coated and then stimulated to render it non-conform- 
able. The material is preferably rendered non-conform- 
able by applying photochemical stimulus, but can 
optionally be achieved solely by chemical or thermal 
stimulus. The material is positioned at either an internal 

45 or external treatment location and contacted with the tis- 
sue or cellular surface to be paved or sealed, and the 
material is then converted into a non-conformable state 
to form a biocompatible coating on the tissue surface. 
[0061 ] The coating can be applied using a catheter, 

so such as a modified PTCA catheter. The material is pref- 
erably applied using a single catheter with single or mul- 
tiple balloons and lumens. The catheter should be of 
relatively low cross-sectional area. A long thin tubular 
catheter manipulated using fluoroscopic guidance is 

55 preferred for providing access to the interior of organ or 
vascular areas. The material can also be applied to the 
surface to be coated by spraying, extruding or otherwise 
internally delivering the material in a conformable form 
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via a long flexible tubular device having single or multi- 
ple lumens. 

[0062] During the step of positioning the material at 
the desired location, the location may be accessed by 
either invasive surgical techniques or by relatively non- 
invasive techniques such as laparoscopic procedures or 
percutaneous transluminal procedures. The process of 
fixing the shape of the material can be accomplished in 
several ways, depending on the character of the original 
material. For example, in its conformable state the 
material can be formed using the balloon portion of a 
balloon catheter after which the conditions are adjusted 
such that the material is rendered non-conformable. In 
the preferred embodiment, gels are rendered non-con- 
formable at the treatment site by photopolymerization 
using infrared, visible, UV, or ultrasonic radiation to the 
material. Optionally, the polymers can be rendered non- 
conformable by locaJized heating or by chemical means. 
Thermal control can be provided, for example, using a 
fluid flow through or into the balloon, or using a partially 
perforated balloon such that temperature control fluid 
passes through the balloon into the lumen. Thermal 
control can also be provided using electrical resistance 
heating via a wire running along the length of the cathe- 
ter body in contact with resistive heating elements. This 
type of heating element can make use of DC or radio 
frequency (RF) current or external RF or microwave 
radiation. Other methods of achieving temperature con- 
trol can also be used, including light-induced heating 
using an internal optical ffoer (naked or lensed). 
[0063] In one embodiment, the step in which the 
conformable material is contacted with the tissue sur- 
face may be considered as a "molding" procedure in 
which the conformable material is molded into substan- 
tially conforming contact with the body tissue before 
rendering it non-conformable, ft is noted that the transi- 
tion of the material from a conformable to a non-con- 
formable state may involve a phase change in the 
material, however, such a phase change is not neces- 
sary. For example, in certain embodiments, the terms 
"conformable" and "non-conformable" are primarily rela- 
tive descriptions of a material which undergoes a signif- 
icant change in viscosity and flowability without 
undergoing an actual phase change. Alternatively, the 
transition of the material between its conformable and 
non-conformable states may be the result of an actual 
phase change in the material resulting either from the 
addition or removal of energy from the material. 
[0064] The polymeric materials may be applied in 
custom designs, with varying thicknesses, lengths, and 
three-dimensional geometries (e.g. spot, stellate, linear, 
cylindrical, arcuate, spiral) to achieve varying finished 
geometries. Further, the process may be used to apply 
material to the inner surfaces of hollow, cavernous, or 
tubular biological structures (whether natural or artifi- 
cially formed) in either single or multi-layer configura- 
tions. The process may also be used, when appropriate, 
to occlude a tissue lumen completely. 



[0065] The paving coating may be applied as a con- 
tinuous layer either with or without perforations. In the 
case in which the paving coating is applied without per- 
forations, it is referred to as a "seal" to act as a barrier 
5 layer on the surface of the tissue. The coating can also 
be applied to cellular surfaces, for example, to coat or 
encapsulate individual or multiple cells. 

Administration of Microparticles 

10 

[0066] The injectable microparticles can be admin- 
istered to a patient intravenously, intramuscularly, or 
subcutaneously or in other known ways appropriate to 
the therapeutic effect desired, including as an aerosol or 
is spray for lungs or by direct lavage through orifices. The 
particles can be lyophilized and then formulated into an 
aqueous suspension in a range of microgram/ml to 100 
mg/ml prior to use. 

[0067] The desired concentration of biologically 
20 active molecules in the polymeric carrier will depend on 
absorption, inactivation, and excretion rates of the drug 
as well as the delivery rate of the molecules from the 
carrier. It is to be noted that dosage values will also vary 
with the severity of the condition to be alleviated. It is to 
25 be further understood that for any particular subject, 
specific dosage regimens should be adjusted over time 
according to the individual need and the professional 
judgment of the person administering or supervising the 
administration of the compositions. 
30 [0068] The microparticles can be administered 
once, or may be divided into a number of smaller doses 
to be administered at varying intervals of time, depend- 
ing on the release rate of the particle, and the desired 
dosage. 

35 [0069] Solutions or suspensions used for intrave- 
nous, intramuscular, or topical application, or other 
delivery route can include any of the following compo- 
nents, as required: a sterile diluent such as water for 
injection, saline solution, f ixed oils, polyethylene glycols, 

40 glycerine, propylene glycol or other synthetic solvents; 
antibacterial agents such as benzyl alcohol or methyl 
parabens; antioxidants such as ascorbic acid or sodium 
bisulfite; chelating agents such as ethylenediamine- 
tetraacetic acid; buffers such as acetates, citrates or 

45 phosphates and agents for the adjustment of tonicity 
such as sodium chloride or dextrose. The parental prep- 
aration can be enclosed in ampoules, disposable 
syringes or multiple dose vials made of glass or plastic. 
If administered intravenously, preferred carriers are 

50 physiological saline or phosphate buffered saline (PBS). 
[0070] Catheters can be made of any known mate- 
rial, including metals, such as steel, and thermoplastic 
polymers. Occluding balloons can be made from com- 
pliant materials such as latex or silicone, or non-compli- 

55 ant materials such as polyethylene terephthalate (PET). 
The expansible member is preferably made from non- 
compliant materials such as PET, (PVC), polyethylene 
or nylon, ff used, the balloon catheter portion of a dilata- 
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tion may optionally be coated with materials such as sil- 
icones, polytetrafluoroethylene (PTFE), hydrophilic 
materials like hydrated hydrogels and other lubricous 
materials to aid in separation of the polymer coating. 
[0071 ] In addition to blood vessels, the process may 
be utilized tor other applications such as coating the 
interior of veins, ureters, urethras, bronchi, biliary and 
pancreatic duct systems, the gut, nasolacrimal ducts, 
sinus cavities, the eye. and eustachian, spermatic and 
fallopian tubes. Likewise the process can be used to 
provide a paving layer in the context of transhepatic por- 
tosystemic shunting, dialysis grafts, arteriovenous fistu- 
lae, and aortic and other arterial aneurysms. The 
paving and sealing material of the process can also be 
used in other direct clinical applications even at the cor- 
onary level. These include but are not limited to the 
treatment of abrupt vessel reclosure post PCTA, the 
"patching" of significant vessel dissection, the sealing of 
vessel wall Haps" either secondary to catheter injury or 
spontaneously occurring, or the sealing of aneurysmal 
coronary dilations associated with various arteritidies. 
Further, the method provides intraoperative uses such 
as sealing of vessel anastomoses during coronary 
artery bypass grafting and the ability to provide a "band- 
aged" smooth polymer surface. 

Treatment of Specific Disorders 

Vascularization 

[0072] A common problem in aging is atherosclero- 
sis affecting the arteries of the lower limbs. This can 
cause claudication, or sharp pain when walking. This 
disease can be treated by inducing the creation of addi- 
tional collateral circulation in the affected region (in this 
case, the leg) by introducing a growth factor such as 
VEGF (vascular endothelial growth factor), or a DNA 
which can express it. The growth factor or DNA can be 
delivered either by creating a thin coating containing the 
factor inside an artery leading to the region, or by inject- 
ing microparticles containing the factor into the artery 
feeding the affected limb or region. In the latter case, the 
microparticles are preferably at least 15 microns in 
diameter, preferably 20 microns or more, to cause the 
delivery particles to localize predominantly in the 
region. (It should be noted that some microparticles will 
probably exit the treated region, and lodge in the lungs 
or elsewhere; this effect must be accounted for in treat- 
ment planning.) 

[0073] Another application includes revasculariza- 
tion in cardiac tissue including the myocardium, and 
revascularization after stroke or ischemia. 

Regeneration or Repair of Tissues 

[0074] Yet another application is in regeneration or 
repair of particular organs. Delivery of various bone 
morphogenetic proteins can be useful for controlled 



remodeling of bone, or de novo bone or cartilage forma- 
tion, in which it is critical that the developmental or mor- 
phogenetic effects be strictly confined to the target site, 
and not exhibited throughout the organism. Local depo- 
5 sition of biologically active molecules can be useful in 
repairing bone in areas such as the nasal passages and 
sinuses, where precise control of positioning is 
required. 

[0075] Examples of other tissues which can be 
10 treated in this manner include the stomach and intes- 
tines, where growth factors help accelerate repair of 
ulceration, repair of external ulceration of skin, and gen- 
eral wound repair. 

[0076] Other organ systems susceptible to treat- 
15 merit include any organ system in which material flows 
through the organ from a source, so that a factor can be 
administered, either in a coating or as particles, for 
instillation into the organ to be treated by flow. Exem- 
plary organs include lymph nodes, the bile duct, the uri- 
20 nary tract, the lungs, the space occupied by the 
cerebro-spinai fluid, and the like. 
[0077] The present invention will be further under- 
stood by reference to the following non-limiting exam- 
ples. 

25 

Example 1: Gene delivery from a gel in vitro. 

[0078] Previous work on gene transfer into arteries 
has involved administration of DNA in a liquid vehicle, 
30 including pressing the liquid into artery walls with a bal- 
loon catheter. For more efficient local delivery, a thin, 
locally-deposited gel. from which DNA can diffuse into 
the target tissue, was utilized. 

35 Transfection Procedure 

[0079] Positively-charged liposomes (Transfection- 
reagent, Boehringer Mannheim) containing the cationic 
lipid analogue 1,2-dioleoyloxy-3- (trimethylammo- 
40 nium)propane (DOTAP)* were used fOR transfections. 
Plasmid DNA was purified by centrifugation through a 
cesium chloride gradient. Five ug of DNA was mixed 
with 30 ^g of liposomes in 200 ul of Hanks Balanced 
Salt Solution (HBSS. Gibco). 

45 

Expression Vectors and Analysis of Recombinant Gene 
Expression 

[0080] The lucrferase expression vector employed 
so was pRSVLUC (gift of Dr. A. Brasier, Galveston, TX, to 
Dr. Jeffrey M. Isner, St. Elizabeth's Hospital, Boston, 
MA, who provided the vector). This contains a 5* dele- 
tion of firefly luciferase cDNA, with transcription under 
the control of the Rous sarcoma virus long terminal 
55 repeat promoter. Use of this reporter gene allows for 

'Alternative nomenclature: N-[1-(2,3-Dioleoyloxy)pro- 
pyO-N,N,N, trimethyl-animonium methylsulfate. 
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quantification of gene expression in cell lysates. Cells 
were washed 3 times with calcium-free HBSS and 
extracts prepared using a cell lysis reagent (Promega, 
Madison Wl) containing 1% Triton-XlOO™. Half of the 
extract was taken for analysis of total protein content, 
performed using the Biorad Microassay procedure. 
Bovine serum albumen (1mg/ml) was added to the 
other half as a carrier protein and lucif erase activity was 
measured. For this, a 20 \i\ aliquot was mixed at room 
temperature with 100 pi of lucif erase assay reagent 
(Promega) containing beetle luciferin. Emission of light, 
integrated over 10 seconds, was measured using a 
luminometer (Turner Designs, Model 20e, Sunnyvale 
CA). Results, read as light units, were within the linear 
range of the detection system as evaluated using serial 
dilutions of a known amount of luciferase (Sigma, Prod- 
uct No. L-9009). Background activity, measured using 
phosphate-buffered saline or lysates of nontransfected 
cells, was consistently zero. 

[0081] The plasmid pRSVLUC, obtained from the 
laboratory of Dr. Jeffrey Isner of St. Elizabeth s hospital 
in Boston, which encodes the enzyme luciferase under 
the control- of a SV40 promoter, was dissolved in a gel- 
ling prepolymer. The prepolymer had a core of polyeth- 
ylene glycol, MW8000, with about 5 lactate residues at 
each end, capped by an acrylate group at each end, 
synthesized according to the teachings of PCT US 
93/17669 by Hubbell et at., hereby incorporated by ref- 
erence. The polymer concentration was 10%. The appli- 
cation method was otherwise essentially identical to 
that described in Hill-West et al. Proc. Nat. Acad. Sci. 
USA 91:5967-5971, 1994. Tissue surfaces were 
stained by application of 1 mM Eosin Y, and washed. 
The polymer solution containing the DNA, and also 100 
mM ethanolamine and 0.15% n-vinyl pyrrolidone, and 
was polymerized essentially as in Hill-West. The 
amount of plasmid in the delivery vehicle was between 
0.02 and 2 micrograms. Liposomes as described above 
were optionally included. The luminal surface of rabbit 
arterial strips, which were maintained in tissue culture 
essentially as described by Takeshita et al., J. Clin. 
Invest.. 93:652-661, (1994), were stained with a pho- 
toinitiating dye, Eosin Y, according to PCT US 93/01776 
by Hubbell et at., and washed in medium. Prepolymer 
solution (23% wt prepolymer solution in saline) contain- 
ing DNA, with or without added liposomes (at a ratio of 
4 parts by weight of liposomes per part of DNA). was 
applied as a spot to stained arterial strips. The solution 
was photopolymerized with green light to form a hydro- 
gel. As controls, artery strips were treated with 
DNA/prepolymer solution, which was not gelled by pho- 
toillumination. After 7 days in culture, luciferase expres- 
sion was measured in Turner Light Units per gram of 
tissue (TLU/g), by standard methods. 
[0082] At the optimal level of DNA application (2 
micrograms/dose) controls had 3.3 ±3.3 TLU/g; tissue 
treated with gels containing DNA not encapsulated 
within liposomes had 10.7±3.6 TLU/g; and tissue 



treated with gels containing DNA encapsulated within 
liposomes had 20.8 ±1.7 TLU/g. 
[0083] The results demonstrate that gene transfer 
and expression can be accomplished by delivery with a 

s gel, with or without liposomes, and that the efficiency of 
delivery is significantly higher than when the DNA is 
merely applied to the tissue surface. However, the 
results also indicate that the efficacy of transfer can be 
greatly increased by incorporation of the DNA into lipo- 

10 somes prior to immobilization. 

Example 2: In vivo Luciferase Gene Delivery via 
Photopolymerizable Hydrogel. 

75 [0084] In vivo gene delivery was demonstrated 
using the rat carotid artery model. Interfacially polymer- 
ized gels, prepared as described in example 1, were 
formed in the right carotid artery of rats. The left side 
was untreated and served as control. Gels contained 25 

20 micrograms DNA per ml of prepolymer solution contain- 
ing 10% w/v prepolymer encapsulated in 100 micro- 
grams liposomes/ml of prepolymer, and otherwise were 
deposited as described by Hill-West et al. Arteries were 
illuminated with green light to polymerize the macromer, 

25 resulting in a layer about 1 00 micrometers thick. After 3 
days, rats were sacrificed and tissue examined for luci- 
ferase expression. 

[0085] No gene expression was evident in control 
(untreated) arteries, while treated arteries had 8.2 ± 6.2 
30 TLU/g. 

[0086] As additional controls, DNA/macromer solu- 
tions were applied either to the adventitial (outside) sur- 
face of arteries, and flushed with saline; or were applied 
to the interior surface, and not illuminated. The former 
35 treatment gave 0.85 ± .21 TLU/g, and the latter gave 
3.9. ± 3.7 TLU/g. 

[0087] Variations and modifications of the claimed 
invention will be obvious to those skilled in the art from 
the foregoing detailed description of the invention, ft is 
40 intended that all of these variations and modifications 
be included within the scope of the appended claims. 

Claims 

45 1 . The use of a deliverable growth factor equivalent in 
the manufacture of a medicament for increasing the 
vascularization of a tissue, wherein the medica- 
ment comprises: 

so i) at least one biologically active molecule 

which is a deliverable growth factor equivalent, 
comprising at least one of a protein, a nucleic 
acid encoding a protein and an effector which 
stimulates or depresses the synthesis of such a 

55 protein in the tissue, including natural signal 

molecules, arrtisense and triplex nucleic acids 
and the like, characterised in that said protein 
stimulates the growth of blood vessels; and 
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ii) polymerizable material capable of being 
polymerized to form a biodegradable, biocom- 
patible delivery vehicle for said deliverable 
growth factor equivalent, which is mixed with 
said deliverable growth factor equivalent; 

iii) and wherein said mixture is conveyed to a 
tissue in need of increased vascularization; 
and 

iv) polymerization of said polymerizable mate- 
rial is caused whereby a depot is formed which 
locally releases deliverable growth factor equiv- 
alents to said tissue. 

2. The use of claim 1 which said polymerizable mate- 
rial is polymerized after it is conveyed to said tissue. 

3. The use of claim 1 in which said polymerizable 
material is polymerized before it is conveyed to said 
tissue. 

4. The use of claim 3 in which said delivery vehicle is 
in the form of microparticles. 

5. The use of claim 1 in which the growth factor equiv- 
alent is entrapped in a material limiting its diffusion 
rate before being mixed into said polymerizable 
material. 

6. The use of claim 5 in which the diffusion- limiting 
material is selected from liposomes and polymeric 
microspheres. 

7. The use of claim 1 wherein the deliverable growth 
factor equivalent is selected from the group consist- 
ing of growth factors, cytokines, interferons, inter- 
leukins, colony-stimulating factors, angiogenesis 
factors, peptide fragments thereof, and nucleic acid 
constructs capable of synthesizing these com- 
pounds. 

8. The use of claim 1 wherein the deliverable growth 
factor equivalent is selected from the group consist- 
ing of vascular endothelial growth factor (VEGF), 
endothelial cell growth factor (ECGF), basic fibrob- 
last growth factor (bFGF). bone morphogenic pro- 
tein (BMP), platelet derived growth factor (PDGF), 
peptides thereof, and nucleic acid constructs capa- 
ble of expressing the same. 

9. The use of claim 1 wherein the tissue site is an area 
where vascularization or revascularization is 
needed. 

10. The use of claim 1 wherein deliverable growth fac- 
tor equivalent is administered by a route of adminis- 
tration selected from the group consisting of 
intravenously, intraarterially, intramuscularly, percu- 
taneously, subcutaneously, by direct lavage, into a 



surgical incision, and via the pulmonary or nasal 
tract. 

11. The use of claim 10 wherein the route of adminis- 
5 tration is intravascular. 

12. The use of claim 1 wherein the tissue site is an area 
of a blood vessel where abnormal accumulation of 
smooth muscle cells has occurred. 

w 

13. The use of claim 12 wherein the tissue site is an 
area of a blood vessel where restenosis has 
occurred after angioplasty. 

15 1 4. The use of claim 1 wherein the tissue site is an area 
where atherosclerosis has occurred. 

15. The use of claim 14 wherein the atherosclerosis is 
present in the lower limbs causing claudication. 

20 

16. The use of claim 1 wherein the tissue site is an area 
where ischemia has occurred. 

17. The use of claim 1 wherein the deliverable growth 
25 factor equivalent is capable of regulating or prevent- 
ing gene expression. 

1 8. The method of claim 1 , wherein said biodegradable, 
biocompatible delivery vehicle comprises a degra- 

30 dable linkage, wherein said degradable linkage 
contains at least one linkage from the group con- 
sisting of hydroxy acids, amino acids, peptides, 
anhydrides, phosphoesters, orthoesters and car- 
bonates. 

35 

19. A method for targeted delivery of biologically active 
molecules to cells and tissue, comprising 

administration of the biologically active mole- 
40 cules in a biodegradable polymeric carrier 

which is targeted to the site where release is 
desired. 

20. The method of claim 19, wherein the polymeric car- 
45 rier is in the form of microparticles having a diame- 
ter of 1 to 100 microns, which are administered into 
a region or organ so as to lodge or adhere at a dis- 
tal locus within the region or organ. 

so 21. The method of claim 20 wherein the polymeric car- 
rier is in the form of microparticles having a diame- 
ter of diameter of 1 to 100 microns which are 
administered into the circulation and release the 
biologically active molecules after entrapment in 

55 the capillaries, a site where occlusion has occurred, 
or at other limiting aperatures of the region. 

22. The method of daim 19 wherein the polymeric car- 
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rier is in the form of liposomes which are further 
incorporated into a polymeric coating applied to the 
tissues where release is to occur. 

23. The method of claim 19 wherein the polymeric car- 5 
rier is in the form of microparticles which are incor- 
porated into a polymeric coating applied to the 
tissues where release is to occur. 

24. The method of claim 19 wherein the polymeric car- io 
rier is a hydrogel or organogel. 

25. The method of claim 19 wherein the biologically 
active molecules are selected from the group con- 
sisting of proteins, nucleic acid molecules, carbohy- is 
drates, lipids, and combinations thereof. 

26. The method of claim 24 wherein the proteins are 
selected from the group consisting of growth fac- 
tors, angiogenesis factors, cytokines, and immuno- 20 
suppressants. 

27. The method of claim 26 to promote vascularization 
or revascularization of a tissue wherein the growth 
factor is VEGF 25 

28. A composition for delivery of biologically active mol- 
ecules comprising a polymeric carrier incorporating 
microparticles containing biologically active mole- 
cules. 30 

29. The composition of claim 28 wherein the polymeric 
carrier is a hydrogel or organogel. 

30. The composition of claim 29 wherein the micropar- 35 
tides are liposomes. 

31. The composition of claim 30 wherein the biologi- 
cally active molecules are nucleic acid molecules. 

40 
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